Development and evaluation of a new methodology for the fast generation of patient-specific Finite Element models of the buttock for sitting-acquired deep tissue injury prevention by MACRON, Aurélien et al.
HAL Id: hal-02305719
https://hal.archives-ouvertes.fr/hal-02305719
Submitted on 4 Oct 2019
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.
Development and evaluation of a new methodology for
the fast generation of patient-specific Finite Element
models of the buttock for sitting-acquired deep tissue
injury prevention
Aurélien Macron, Hélène Pillet, Jennifer Doridam, Alexandre Verney,
Pierre-Yves Rohan
To cite this version:
Aurélien Macron, Hélène Pillet, Jennifer Doridam, Alexandre Verney, Pierre-Yves Rohan. Develop-
ment and evaluation of a new methodology for the fast generation of patient-specific Finite Element
models of the buttock for sitting-acquired deep tissue injury prevention. Journal of Biomechanics,
Elsevier, 2018, 79, pp.173-180. ￿10.1016/j.jbiomech.2018.08.001￿. ￿hal-02305719￿
BDevelopment and evaluation of a new methodology for the fast
generation of patient-specific Finite Element models of the buttock for
sitting-acquired deep tissue injury prevention
a,c,⇑ a a b an aAurélien Macron , Hélène Pillet , Jennifer Doridam , Alexandre Verney , Pierre-Yves Roh
a Institut de Biomécanique Humaine Georges Charpak, Arts et Métiers ParisTech, 151 bd de l’Hôpital, 75013 Paris, France
bCEA, LIST, Interactive Robotics Laboratory, F-91191 Gif-sur-Yvette, France
cUniv. Grenoble Alpes, CEA, LETI, CLINATEC, MINATEC Campus, 38000 Grenoble, Francessure U
. These
interna
 model
n system
 be ove
use of 
ast gen
s perfo
confirm
213 ± 101% in the muscle). This methodology o
and for providing tools to assess PU risk.
https://doi.org/10.1016/j.jbiomech.2018.08.001 
⇑ Corresponding author at: LBM/Institut de Biomécanique Humaine Georges
Charpak, Arts et Métiers ParisTech, 151 bd de l’Hôpital, 75013 Paris, France.
E-mail address: aurelien.macron@ensam.eu (A. Macron).Keywords:
FEM
Ulcer
Subject specific
uttock
Biomechanicsa b s t r a c t
The occurrence and management of Pre
improvement in the prevention methods
versible tissue damage. Estimating the 
prevention of PU. Several Finite Element
the limited availability of MRI or CT-Sca
Yet the inter-individual variability can’t
contribu-tion focuses on the combined 
weight-bearing sitting posture for the f
Tuberosity sagging. Model evaluation wa
healthy subjects. Analysis of the models lcers remain a major issue for patients with reduced mobility and neurosensory loss despite significant 
 inju-ries are caused by biological cascades leading from a given mechanical loading state in tissues to irre-
l mechanical conditions within loaded soft tissues has the potential of improving the management and 
s of the buttock have therefore been proposed based on either MRI or CT-Scan data. However, because of 
s and of the long segmentation time, all studies in the literature include the data of only one individual. 
rlooked when dealing with patient specific estimation of internal tissue loading. As an alternative, this 
low-dose biplanar X-ray images, B-mode ultrasound images and optical scanner acquisitions in a non-
eration of patient-specific FE models of the buttock. Model calibration was performed based on Ischial 
rmed by comparing the simulated contact pressure with experimental obser-vations on a population of 6 
ed the high inter-individual variability of soft tissue response (maximum Green Lagrange shear strains of 
pens the way for investigating inter-individual factors influencing the soft tissue response during sitting 1. Introduction
A Pressure Ulcer (PU) is defined in the international guidelines
as a localized injury to the skin and/or underlying tissues, usually
over a bony prominence, resulting from sustained pressure. In
patients with reduced mobility and neurosensory loss, the
development of PU, and especially Deep Tissue Injury (DTI),
remains frequent, with a prevalence of 33% in the first year, and
an incidence of 80% during the whole life (Garber et al., 2000;
Krause and Broderick, 2004). In addition to individual suffering,
the development of PU’s leads to a prolonged hospital stay
(Allman et al., 1999) and increased treatment costs (Dealey et al.,
2012).Several studies have consistently demonstrated that at least
three mechanisms are involved in the development of PUs: (1)
mechanically induced capillary occlusion resulting in tissue ische-
mia (Loerakker et al., 2011; Stekelenburg et al., 2007) along with
reperfusion injury (Jiang et al., 2011; Peirce et al., 2000) (2) Cell
deformation which can lead to a loss of membrane integrity and
ultimately affecting viability and remodelling capacity (Bouten
et al., 2003; Gefen et al., 2008; Linder-Ganz et al., 2006;
Loerakker et al., 2011) (3) Impaired interstitial and lymphatic flow
(Gray et al., 2016; Kasuya et al., 2014). The resulting cell death
would impede any remodelling processes and lead to the accumu-
lation of soft tissue breakdown. It has also been reported that such
a situation can be exacerbated in the presence of elevated temper-
atures and moisture levels (Gefen, 2011; Sae-Sia et al., 2005). Most
probably, the onset of damage development is multifactorial in
nature and requires the contribution of several of these factors.
In the last decades, growing resources have been invested into
the development and implementation of evidence-based preven-
tion protocols such as pressure relief strategies with patient mobi-
lization and specific pressure-relieving cushions (Brem and Lyder,
2004). Despite these, PU incidence rates remain unacceptably high.
As pointed out in (Gefen, 2009) the injury criteria, risk assessments
or other clinical guidelines based on the (Reswick and Rogers,
1976) study fail to completely eliminate the risk of PU develop-
ment. Indeed, many studies have established that the external
pressure doesn’t directly predict the mechanical response of the
internal soft tissues (Chow and Odell, 1978; Dabnichki et al.,
1994; Luboz et al., 2014; Oomens et al., 2003).
Based on the rationale that estimating the internal mechanical
conditions within loaded soft tissues has the potential of improving
the management and prevention of PU, several two-dimensional
(Levy et al., 2013, 2014, Linder-Ganz et al., 2007, 2008, 2009;
Sopher et al., 2010) and three-dimensional Finite Element (FE)mod-
els of the buttock (Al-Dirini et al., 2016; Levy et al., 2017; Levy and
Gefen, 2017; Luboz et al., 2017; Moerman et al., 2017; Zeevi et al.,
2017a) have been proposed based on either MRI (most of the stud-
ies) or CT-Scan data (Luboz et al., 2017). These studies have consid-
erably advanced the analysis and understanding of the potential
internal risks of the seated individual, and provided tools to assess
PU risk based upon anatomy (Gefen, 2011; Levy et al., 2014; Luboz
et al., 2017; Oomens et al., 2013; Zeevi et al., 2017b).
Yet, in all these studies, only 4 different tissue types are consid-
ered for FE modelling: bone, muscle tissue, fat tissue and skin. In
the particular case of MRI data, although muscle groups, tendon,
fat pads and ligament borders are visible, theses tissues are always
modelled as one homogenous material to allow for convergence of
tissue geometry. This approach, although computationally effi-
cient, fails to take advantage of the capacity of MRI to differentiate
between the individual soft tissue structures. As far as the authors
are aware of, only the study reported by (Al-Dirini et al., 2016) dif-
ferentiated 7 different muscle groups. However, the different inter-
faces were tied in the simulation phase limiting the benefit of
accurately representing the internal tissue geometry. In addition,
the representation of a realistic unloaded sitting position is jeopar-
dized by the experimental limitations of MRIs and CT-scans: Long
acquisition times of MR imaging prevent a prolonged unloaded sit-
ting configuration without resorting to devices such as: rubber
tires (Linder-Ganz et al., 2007), inclined plane (Al-Dirini et al.,
2016) and thigh and arms supports (Call et al., 2017) while the con-
finement of the scanner limits the acquisition to the lying position
only (Luboz et al., 2014).
Because of the limited availability of MRI or CT-Scan systems
and of the long segmentation time associated with the creation
of full 3D subject specific FE models from these imaging systems,
all the studies in the literature included the data of only one indi-
vidual (Al-Dirini et al., 2016; Luboz et al., 2014; Makhsous et al.,
2007). Yet the inter-individual variability can’t be overlooked
when dealing with patient specific estimation of internal tissue
loading which is obviously directly linked to the morphology of
the bones. As far as the authors are aware of, the only attempts
to account for this variability were limited to (i) semi-3D mod-
elling (N = 6 able-bodied volunteers in (Linder-Ganz et al., 2007);
N = 12 in (Linder-Ganz et al., 2008) including 6 able-bodied and 6
SCI volunteers; and N = 6 in (Linder-Ganz et al., 2009) including
3 able-bodied and 3 SCI volunteers) and (ii) one attempt at 3D
modelling (N = 6 in (Moerman et al., 2017) including 3 able-
bodied and 3 SCI volunteers).
As an alternative to MRI-based/CT-scan-based assessment, this
contribution focuses on the combined use of low-dose biplanar X-
ray images, B-mode ultrasound images and optical scanner acquisi-
tions in a non-weight-bearing sitting posture for the fast generation
of patient-specific FE models of the buttock. Model calibration wasperformed based on Ischial Tuberosity sagging. Model evaluation
was performed by comparing the simulated contact pressure with
experimental observations on a population of 6 healthy subjects.2. Materials and methods
2.1. Participants and protocol
Six healthy subjects (5 men and 1 woman) participated in the
study (Age: 28 ± 4 yrs, weight: 74 ± 11 kg, BMI: 22.7 ± 1.7 kg/m2).
Exclusion criteria were: pregnancy and exposure to radiography
in the last 6 months.
A custom-made stool with armrests was specifically designed
for the experiment. A notch was made to fix the ultrasound probe
at the level of the seat (Fig. 1c). Before each experiment, the stool
was covered with a 2 mm thin removable plate and a pressure
mattress (59  59 cm textile matrix of 32  32 sensors; spatial res-
olution 14.7 mm, accuracy 10%; range from 0.3 to 45 kPa;
‘‘TexiLat”, ‘‘TexiMat”, TexiSense) and placed in the EOS cabin. To
determine the position of the pressure sensors in the EOS coordi-
nate system, three markers were placed on the mattress. From
an EOS acquisition, it was possible to obtain their 3D coordinates
in the EOS reference frame (REOS). In the same time, by manually
pressing each marker, their coordinates was also expressed in the
TexiMat reference frame (RTEXI). Then, the position of RTEXI with
respect to REOS could be inferred.
After approval by the ethics committee (Comité de protection
des Personnes CPP NX06036) and written informed consent, the
participants were equipped with 3 reflective markers: two on the
posterior iliac spines of the pelvis and one on the spinal process
of the 4th lumbar vertebra.
First, bi-planar X-ray radiographies (EOS) were acquired in
three configurations for each subject: (i) standardized free stand-
ing position (Faro et al., 2004), (ii) unloaded sitting by supporting
their weight with their arms on the armrests (Fig. 1a), (iii) loaded
sitting after translating their buttock with as small as possible rota-
tion of their pelvis.
Second, the external shape of the buttock was scanned with a
HandiScan (EinScan-ProTM; Shining 3D). Subjects were upright
with one foot placed on a seat to reproduce the unloaded sitting
position (Fig. 1b). The angle between the thigh and the trunk was
measured and compared to the one measured during the EOS
acquisition. Only half of the buttock region was scanned.
Third, an ultrasound acquisition of the subdermal tissue in the
region beneath the ischial tuberosity was performed using a com-
mercial device (Aixplorer, SuperSonic Imagine, France) with a lin-
ear ultrasound probe of 8 MHz central frequency (SuperLinear SL
15-4). Before the acquisition, the cover of the stool was removed
and the ultrasound probe fixed under the stool. The subject was
asked to sit on the stool in front of the on-screen display of the
ultrasound device. He was instructed to align his left ischium
above the probe, to adjust his position to see the bone at the center
of the screen and then to slowly unload his weight with his arms
while visually keeping the ischium as aligned as possible with
the probe. One ultrasound image was then acquired with the but-
tock unloaded in contact with the stool (Fig. 1c).
Finally, subjects were asked to sit on the stool positioned on a
force plate with their feet outside the force plate. The total force
applied to the stool by the subject when seated was measured.2.2. Patient specific geometry generation
2.2.1. Pelvis geometry
3D reconstruction of the pelvis was performed from the EOS
radiographs in the standing position by a fully trained clinician
Fig. 1. Important steps for FE model development. (a) Pelvis reconstruction from standing EOS acquisition and adjustment in the unloaded sitting posture. (b) External
envelope reconstruction from optical scanner acquisitions in upright posture with one foot placed on a seat to reproduce the unloaded sitting position and adjustment with
the pelvis by using external markers. (c) Measure of the thickness of the adipose layer and construction of the interface muscle/fat.according to the procedure developed previously by (Mitton et al.,
2006). The 3D subject-specific model of the pelvis was then pro-
jected on the frontal and sagittal radiographs in the unloaded sit-
ting position. The position of the pelvis was manually adjusted
until the contours matched those of the radiographs. The same
procedure was repeated for the loaded sitting position.2.2.2. External envelope geometry
The model given by the Handiscan was cleaned using Geomagic
(Geomagic Inc., Research Triangle Park, NC). The two posterior pel-
vis markers were extracted and a sagittal plane was constructed
normal to the medio-lateral direction defined by the markers and
passing through the midpoint. A symmetry of the complete 3D
model with respect to this plane was performed to generate the
external envelope of the buttock.2.2.3. Fat and muscle layers
The thickness of the adipose tissue was measured in the
unloaded configuration on the ultrasound images. The interface
between muscle and fat was obtained by applying this thickness
as an offset to the external envelope. Finally, both 3D surfaces
(envelope and interface) were semi-manually closed using Geo-
magic software.2.2.4. Registration by external markers
To merge all the elements, a registration between both environ-
ments (Handiscan and EOS) was made through a technical frame,
built from the coordinates of the three external markers (posterior
iliac spines and lumbar spine process). The projection of the sur-
face of the external envelope on the unloaded sitting radiographs
was used to manually adjust its relative position by matching the
contours of the model with the contours of radiographic image of
the envelope.2.3. Finite Element modeling
2.3.1. Finite Element mesh
The geometry defined in the unloaded configuration was
imported in ABAQUS FEA software (ABAQUS 6.12-3. DS Simulia,
Providence, RI). From Boolean operations, two deformable solids
were constructed: the adipose tissue by removing the volume Vpf
bounded by the fat/muscle interface to the volume of the envelope
and the muscle by removing the pelvis to the volume Vpf. A skin
shell layer was also defined with the envelope surface with a thick-
ness of 1 mm (Moerman et al., 2016). A rigid horizontal plane was
created at the lowest node of the envelope to model the seat.
The meshing tools available in ABAQUS were used to generate
the computational mesh. Linear tetrahedral elements with hybrid
formulation (C3D4H) were used. The models contained about
320 000 elements and 215 000 degrees of freedom (including the
Lagrange Multiplier variables). The pelvis was assumed to be rigid
and meshed with linear triangle shell elements. A mesh conver-
gence test was performed showing that further mesh refinement
produced a negligible change in the solution (maximum shear
strain).
2.3.2. Constitutive equations and calibration of the material properties
The skin, fat and muscle tissues were each modelled with a first
order Ogden Hyper-Elastic material model (Simo and Taylor, 1991)
with the following Strain Energy Density formulation:
W ¼ 2  l
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related to the third invariant of the right Cauchy-Green tensor
and, l [kPa], a [-] and D [kPa1] the material properties (respec-
tively the shear modulus, the exponent and D the material incom-
pressibility parameter defined based on the bulk modulus k as
D ¼ 2k). Soft tissues were assumed to be nearly incompressible. The
Poisson’s ratios were therefore fixed to 0.49 and material incom-
pressibility parameter D was approximated as follows (Mott et al.,
2008):
D ¼ 2
j
 3ð1 2tÞ
lð1þ tÞ
Material parameters for the skin were fixed to l ¼ 20 kPa and
a ¼ 5 respectively based on values reported in the literature
(Luboz et al., 2014). For the fat and the muscle, a was fixed to 5
(Luboz et al., 2014) and the shear modulus l was calibrated using
Finite Element Updating to fit the experimental Ischial tuberosity
sagging. This was computed as the mean value of the vertical dis-
placements D ¼ d1  d2 (Fig. 2) of the right and left ischial tuberos-
ity between the unloaded sitting d1 and the loaded sitting d2 EOS
positions.
The resolution was performed via an implicit scheme. The
default convergence criteria in ABAQUS/Standard were used.
2.3.3. Boundary conditions
For the boundary conditions, all the degrees of freedom (DOF) of
the pelvis were fixed except for the vertical displacement. A verti-
cal force equal to the one measured when seated on the stool was
applied at the center of mass of the pelvis. The nodes at the differ-
ent interfaces (bone/muscle, muscle/fat, and fat/skin) of the model
were tied. A friction contact was defined between the rigid plane
and the skin surface using a penalty algorithm. The friction coeffi-
cient was set to 0.4 (Al-Dirini et al., 2016).
2.3.4. Post-processing
To compare to the literature, (i) the principal Green Lagrange
strains were calculated as Ei ¼ k
2
i 1
2 from the principal stretches ki
(i ¼ I; II or III) with EIII the maximum compressive strain and (ii)
the maximum shear strains were then determined as
Emax ¼ 12 maxð EI  EIIj j; EII  EIIIj j; EIII  EIj jÞ.Fig. 2. Sagittal radiography of the unloaded and loaded sitting posture (respectively left
of the loaded thickness d2 under the ischium.In line with (Bucki et al., 2016; Luboz et al., 2017) a ‘‘cluster
analysis” was performed to investigate volumes of the model that
are in certain intervals of maximum shear strain. Clusters were
defined as adjacent elements with a maximum shear strain and a
maximum compressive strain above 75% and 45% respectively
(damage thresholds reported by Ceelen et al. (2008b)). Muscle
and fat were differentiated. The maximum, the mean and the stan-
dard deviation of EIII and Emax in the largest cluster were calculated.
Elements in the sacral region were discarded to focus only on the
ischium region.
2.4. Model evaluation
Model evaluation was performed by comparing the simulated
contact pressure with the distribution of the external pressure
measured by the mattress in REOS. The contact stress distributions
predicted by the model were interpolated onto a grid of the same
resolution as the one of the pressure mattress and an optimization
of the relative position of the experimental sensors and the numer-
ical grid was performed to minimize the mean error between both
distributions. The numerical and experimental contact pressure
distributions were then post processed to generate area engage-
ment histograms, corresponding to the fractional areas of the but-
tock interface experiencing specific ranges of contact stress and
compared. Each data point represents the high point of that range
of contact stress values.
3. Results
3.1. Calibration values
The FE model was calibrated against the experimental values of
the Ischial tuberosity sagging measured on the sagittal view of the
EOS acquisitions. Both the sagging values and the identified mate-
rial parameters (l;aÞ of the muscle and fat layers obtained after FE
model calibration are reported in Table 1 below for each subject.and right). (a) Measure of the unloaded thickness d1 under the ischium. (b) Measure
Table 1
Experimental values of sagging and mechanical properties of the adipose tissue and muscle obtained after FE model calibration.
Parameters Subject #1 Subject #2 Subject #3 Subject #4 Subject #5 Subject #6
Experimental values of the pelvis sagging (mm) 28 40 31 33 36 40
Material properties l [kPa] (a [_])
Muscle 8.00 (5) 4.80 (8) 4.80 (8) 6.25 (5) 6.25 (5) 1.00 (5)
Adipose 5.00 (5) 3.75 (5) 4.25 (5) 3.75 (5) 3.75 (5) 4.5 (8)3.2. Model evaluation
The two peaks of pressure, right and left, of the experimental
distributions were saturated at 45 kPa, except for the subject 2.
The mean difference of pressure was below 1 kPa, showing good
agreement between the experiments and FE models. The measured
versus computed distributions of contact areas across the contact
stress plots showed substantial agreement between the experi-
ments and FE models (Fig. 4).
3.3. Mechanical response of the subdermal soft tissues
Table 2 below summarizes the cluster volumes with the associ-
ated shear and compressive strains endured by the muscle and the
fat tissue for each subject. The biggest clusters are in themuscle tis-
sue except for the subject 2, however there are always under the
ischium(Fig. 3). For themuscle, the subject 6has themaximumclus-
ter volume (34.1 cm3)with the highestmean shear strains and com-
pressive strains, respectively 164% and 47.4%. For the other
subjects, the mean shear strain endured by the maximum cluster
are similar (136 ± 7%) unlike the maximum shear strain
(173 ± 21%). For the fat tissue, the subject 1 has no volume of tissue
above the threshold defined by Ceelen et al. (2008b). Themaximum
and themean shear strain endured by the cluster are similar among
the subjects (respectively 156 ± 10% and 136 ± 9%).
3.4. Length of time to model
The acquisition and the generation of the subject specific FE
model last approximately 5 h for each subject.4. Discussion
Generation of subject-specific FE models for the assessment of
the subject-specific in vivo sub-dermal soft tissue strains and stres-
ses in the ischial regions during sitting remains a challenging bot-
tleneck today because they are traditionally generated from MR
images or CT scan data which require intensive user intervention
at multiple stages of the segmentation process. The aim of thisTable 2
Maximal components of the principal and shear strains (Cauchy) among the subjects.
Threshold EIII > 45% and Emax > 75% Subject
Muscle Max cluster volume (cm3)
Third principal strain EIII (%) Maximu
Mean
Standard
Maximum shear strain Emax (%) Maximu
Mean
Standard
Fat Max cluster volume (cm3)
Third principal strain EIII (%) Maximu
Mean
Standard
Maximum shear strain Emax (%) Maximu
Mean
Standardstudy was to develop and to evaluate, on a population of 6 subjects,
a new methodology for the fast generation of 3D FE model of the
buttock for sitting-acquired Deep Tissue Injury prevention using
a combination of low-dose biplanar X-ray images, B-mode ultra-
sound images and optical scanner acquisitions. Ischial tuberosity
sagging between the non-weight-bearing and weight-bearing sit-
ting positions respectively was used for model calibration and
external interface pressure measurements for model evaluation.
All the subjects had clusters of muscle tissue enduring compres-
sive and maximal shear strain above the thresholds defined in the
literature (Ceelen et al., 2008a; Loerakker et al., 2011). In agree-
ment with previous results reported in the literature (Linder-
Ganz et al., 2007), our results showed that the maximal tissue
strains and stresses occurred in the muscle layer at the bone
interface. Likewise our results confirm the high inter-individual
variability with a mean maximal shear strain of 213 ± 100% in
the muscle. The important difference in strain response between
the subject 6 and the other subjects could be explained by the
low shear modulus identified. The lack of constraints in the pro-
posed objective function for calibration (i.e. based on sagging only)
could possibly result in a multiple solutions for each subject. This
constitutes one limit of the current calibration method employed.
It is envisaged to improve the individualisation of the material
properties in future studies by exploring the possibility of using
either (i) Shear wave Elastography measurements and/or (ii) Ultra-
sound Indentation measurements (based on (Makhsous et al.,
2008)).
Recently, clinical studies focusing on in vivo buttock deforma-
tion quantification using MR imaging called into question the
assumption that deep tissue injuries originates in the soft tissues
adjacent to a bony prominence where highest strains are located.
(Sonenblum et al., 2015) used 3D seated MRI to describe the anat-
omy and deformation of the buttocks for 4 able-bodied and 3 SCI
subjects during sitting in loaded and unloaded conditions. The
authors showed that, in the loaded configuration, 5 subjects out
of 7 only had fat tissue beneath the IT, the Gluteus Maximus
(GM) being positioned more laterally and posteriorly to the IT.
Likewise, (Call et al., 2017) observed, using MRI, that, in a popula-
tion of 10 spinal cord injury subjects and one able-bodied person,
no muscle were present beneath the IT for 40% of the SCI subjects#1 #2 #3 #4 #5 #6
1.2 2.7 3.6 1.5 4.7 34.1
m 47.5 48.9 49.1 49.0 49.1 49.9
46.0 46.9 47.0 46.1 46.3 47.4
Deviation 0.8 1.0 1.1 1.0 1.0 1.5
m 142 176 187 158 202 414
127 136 137 132 146 164
Deviation 11 24 24 15 20 48
0 6.7 1.9 1.1 2.3 2.5
m – 47.7 47.4 46.4 48.1 47.7
– 46.0 46.2 45.4 46.4 46.1
Deviation – 0.9 1.0 0.5 0.8 0.7
m – 143 157 152 173 153
– 123 140 128 146 142
Deviation – 12 13 12 17 9
Fig. 4. Area engagement curves of buttock contact pressure for measured and FE results for each subject. Each intersection of 2 straight lines represents the high point of that
range of contact pressure values (e.g., the intersection at 20 kPa reflects region with pressure under 20 kPa and above the last intersection value).
Fig. 3. Distribution of the principal Green Lagrange strains EI EII EIII for the subject #1 in two cut plans near the ischium (Frontal and Sagittal). EI corresponds to the largest
tensile strain, EII the second tensile strain and EIII as the compressive strain. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)during sitting. All the FE models reported in the literature however
(including those modelling volunteers with SCI (Linder-Ganz et al.,
2009; Moerman et al., 2017)) did not capture this behaviour. In
agreement with the conclusion of (Al-Dirini et al., 2016) we deduce
that this could partly be explained by the (simplified) tied/non-slip
contact assigned to the bone-muscle-fat interfaces. Considering the
current state of the art in this field of research, both simulation and
experimental issues have to be addressed before considering indi-
vidualizing the behaviour of subcutaneous tissues. Actually it is
very well possible that DTI starts in subcutaneous fat in SCI
patients in whom the muscle layer becomes fatty and completely
disappears – leaving the Ischial Tuberosity resting on the adipose
tissue only. Unfortunately, very little is known today regarding
the damage mechanisms in fat: skeletal muscles being far more
sensitive to compressive loading than fat and skin (Daniel et al.,
1981; Nola and Vistnes, 1980), they have been the focus of the
research work on tissue injury thresholds as related to PUs. Going
forward more realistic representation of the behaviour of the
different tissues in the buttock during loading should help improvethe understanding of the onset of DTI and therefore would allow a
better prevention.
In spite of this, interface contact pressure predicted by the
model were in good agreement with the interface pressure mea-
surements acquired with the TexiMat textile pressure sensor. On
average, the mean and standard deviation of the point by point
error were respectively 0.4 kPa and 6.81 kPa. Furthermore, the
measured and the computed contact areas for different ranges of
contact stresses were close. The modest discrepancies for the sub-
ject 1 and 2 could be due to a change in the pelvis orientation
between the unloaded and loaded state, these two subjects having
more than 3 rotation in the sagittal plane which can be enough to
modify the pattern of the contact pressure. However the experi-
ments were limited by the range of the pressure mattress, i.e val-
ues above 45 kPa, hindering an evaluation of the models through
the peaks of pressure.
As far as the authors are aware of, if in vivo soft tissue strain
levels have been reported in animal models using MR tagging
(Ceelen et al., 2008b; Loerakker et al., 2010; Solis et al., 2012), no
study has ever reported in vivo tissue strain in humans. In the lit-
erature, authors have only reported values for global deformation
(i.e. ratio of the total tissue volume (or thickness) in the loaded
configuration to the volume (or thickness) in the unloaded config-
uration (e.g in (Brienza et al., 2018)) which is not sufficient. As a
result, in vivo tissue strain predicted by FE models in humans have
never been validated against experimental data. One of the short-
term perspective is to take advantage of the B-mode ultrasound
imaging used in the current protocol for the quantification of inter-
nal soft-tissue strains of buttock tissues during sitting in order to
enhance the modelling of the transmission of loads into the differ-
ent structures composing the buttock.
From a clinical perspective, the biological cascades leading from
a given mechanical loading state in tissues to irreversible tissue
damage are multidimensional, and include direct cellular damage,
changes in transport and metabolism at the cell and tissue scales,
ischemic factors, poor lymphatic function and possibly reperfusion
injuries (Gray et al., 2016; Linder-Ganz et al., 2006; Loerakker et al.,
2010; Oomens, 2013). In particular, estimating the internal
mechanical conditions within loaded soft tissues has the potential
of improving the management and prevention of PUs (Ceelen et al.,
2008a; Gefen et al., 2008). As a future work, it would also be inter-
esting and useful to extend the proposed protocol to people with
reduced mobility. This would allow to obtain data on vulnerable
populations and to have a quantitative estimation of sub-dermal
soft tissue biomechanical response in new seat and cushion
designs. This could also potentially have an impact on the design
of exoskeletons such as EMY (Enhancing MobilitY) (Morinière
et al., 2015) developed in the BCI project (Eliseyev et al., 2014)
for disabled persons and where the mechanical interfaces are para-
mount. From that perspective, the combined use of calibrated
biplanar X-ray imaging and B-mode Ultrasound imaging could
potentially improve on the shortcomings with MRI/CT imaging in
that (i) due to the relatively short time (5 h per subject) necessary
to develop patient specific models, many subjects can easily be
analysed providing valuable insight into inter-individual variabil-
ity (ii) realistic unloaded / loaded sitting position can easily be
acquired.
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